The effect of exercise on apoptosis in postmitotic tissues is not known. In this study, we investigated the effect of regular moderate physical activity (i.e., exercise training) on the extent of apoptosis in rat skeletal and cardiac muscles. Adult Sprague Dawley rats were trained (TR) 5 days weekly for 8 wk on treadmill. Sedentary rats served as controls (CON). An ELISA was used to detect mono-and oligonucleosome fragmentation as an indicator of apoptosis. Bcl-2, Bax, Apaf-1, AIF, cleaved PARP, cleaved caspase-3, cleaved/active caspase-9, heat shock protein (HSP)70, Cu/Zn-SOD, and Mn-SOD protein levels were determined by Western analyses. Bcl-2 and Bax transcript contents were estimated by RT-PCR. A spectrofluorometric assay was used to determine caspase-3 activity. DNA fragmentation in ventricles of the TR group decreased by 15% whereas that in soleus of the TR group tended to decrease (P=0.058) when compared with CON group. Protein contents of Bcl-2, HSP70, and Mn-SOD increased in both soleus and ventricle muscles of TR animals when compared with CON animals. Apaf-1 protein content in the soleus of TR animals was lower than that of CON animals. Bcl-2 mRNA levels increased in both ventricle and soleus muscles of TR animals, and Bax mRNA levels decreased in the soleus of TR animals when compared with CON animals. Furthermore, HSP70 protein content was negatively correlated to Bax mRNA content and was positively correlated to Bcl-2 protein and mRNA contents. Mn-SOD protein content was negatively correlated to the apoptotic index, and caspase-3 activity and was positively correlated to Bcl-2 transcript content and HSP70 protein content. These data suggest that exercise training attenuates the extent of apoptosis in cardiac and skeletal muscles.
development, tissue homeostatic turnover, and immunological defense (6) . Moreover, several pathological conditions, including tumorigenesis, autoimmune diseases, neurodegenerative disorders, viral infections, and acquired immune deficiency syndrome have also been demonstrated to be attributable to the aberrant regulation of apoptosis (6) (7) (8) (9) ).
An apoptotic cell death program is initiated and activated as a result of diverse internal or external signals. Reactive oxygen species (ROS), intracellular Ca 2+ disturbance, tumor necrosis factor (TNF), and Fas ligand (FasL) have been studied and shown to induce apoptosis (10) (11) (12) (13) (14) . After a cell is committed to apoptosis, it will destroy and eliminate itself by activating the apoptotic cascade without causing any inflammatory response and disturbance to the surrounding cells. Several apoptotic pathways have been shown to be involved in the apoptotic cascades, depending on the stimulus. These include a mitochondrial-dependent pathway (15, 16) , a ligandmediated death receptor pathway (12) , and an endoplasmic reticulum stress-induced pathway (13) . Furthermore, the apoptotic signaling cascades usually involve expression of genes that regulate the execution of apoptosis (e.g., Bcl-2, Bax, and p53). A family of protease proteins called caspase (cysteine-dependent aspartate protease) has been suggested to be crucial in executing apoptosis. Specific initiator caspases (e.g., caspase-8, -9, and -12) are activated when the cell is exposed to the corresponding apoptotic stimuli. For example, TNF or FasL can initiate apoptosis through the death receptor pathway by activating caspase-8 (12, 17) . Apoptosis stimulated by endoplasmic reticulum stress and intracellular Ca 2+ disturbance has been reported to be related to the activation of caspase-12 (13, 18) . In addition, caspase-9 has been shown to mediate the mitochondrial-dependent apoptosis through the interaction of procaspase-9 with apoptotic protease activating factor-1 (Apaf-1), dATP, and mitochondrial-released cytochrome c (16) . Although different initiator caspases are recruited in different apoptotic pathways, it appears that the apoptotic signals finally converge on the activation of the common effector caspases (e.g., caspase-3, -6, and -7), which cause eventual destruction of the cell. However, it has been demonstrated that apoptosis can also be executed through the caspase-independent manner that involves the proteins with endonuclease activity (e.g., apoptosis inducing factor or AIF, and endonuclease G) (19, 20) .
Only a few studies have attempted to investigate the incidence of apoptosis in muscles from adult individuals (21, 22) . However, no study has shown conclusive justification for the functional or physiological role of apoptosis in postmitotic muscle cells in young healthy individuals. Therefore, it is still unclear to what extent apoptosis takes place in adult healthy postmitotic tissues. Nonetheless, apoptosis has been documented under extreme physiological and pathophysiological conditions in skeletal and cardiac muscles. For instance, apoptosis has been observed in aging (21, 23) , intense physical stress (24) , muscle dystrophy (25, 26) , denervation (27) , muscle unloading (28) , ischemia-reperfusion (29, 30) , and chronic heart failure (31, 32) . However, the influence of regular moderate physical activity (i.e., exercise training) in apoptosis is still unknown. There is evidence showing that oxidative stress and heat shock proteins (HSPs) contribute to the mediation of apoptosis (10, (33) (34) (35) (36) . Increased oxidative stress has been shown to be related to the activation of apoptosis (10, 23, 36) , whereas HSP70 has been suggested to be capable of inhibiting apoptosis (33, 35, 37, 38) . Because exercise training has been consistently shown to increase the antioxidant defense capacity and elevate the expression of HSP in skeletal and cardiac muscles (39) (40) (41) (42) (43) (44) , it seems plausible to hypothesize that exercise training is able to decrease the level of apoptosis. Therefore, in the present study, we examined the effect of exercise training on apoptosis and tested the hypothesis that exercise training attenuates the extent of apoptosis in skeletal and ventricle muscles as measured 48 h after the last exercise training session.
MATERIALS AND METHODS

Animals
Three-month-old adult male Sprague Dawley rats (Harlan, Indianapolis, IN) were used in this study. The rats were housed in pathogen-free conditions at ~20°C. They were exposed to a reverse light condition of 12 h of light and 12 h of darkness each day and were fed rat chow and water ad libitum throughout the study period.
Treadmill exercise
Sixteen rats with similar body weights (range of 210-240 g) were randomly assigned to control (CON, n=8) or training (TR, n=8) groups. Animals assigned to the TR group were trained by running on a level motorized rodent treadmill (Columbus Instruments, Columbus, OH) 5 days weekly for 8 wk. During the first 4 wk, the speed of the treadmill and duration of the training sessions were gradually increased from a speed of 10 m·min -1 for 10 min, to a running speed of 28 m·min -1 for 55 min by the end of the 4th week. For the next 4 wk, a 5-min warm-up session at a speed of 20 m·min -1 was followed by the 55-min training session at a speed of 28 m·min -1 . We have previously shown that this training protocol stimulates a moderate aerobic endurance training effect, including a ~25% increase in citrate synthase activity in rat skeletal muscles (45) .
Animals assigned to the CON group were handled daily and were subjected to the noise of the running treadmill by placing their cages next to the treadmill when their TR-matched partner ran on the treadmill. This procedure was designed to minimize any possible confounding effect of external factors (e.g., handling, treadmill noise) on the dependent variables. TR animals were killed 48 h after the last training session. CON animals were killed at the same time as their partner TR animal. All animals were killed via CO 2 inhalation followed by decapitation, at which time the soleus muscle and 4-5 mm of the apex cordis from the heart muscle were quickly removed and frozen immediately in liquid nitrogen and stored at -80°C until further analysis.
All experimental procedures were approved by the Institutional Animal Use and Care Committee from West Virginia University School of Medicine. The animal care standards were followed by adhering to the recommendations for the care of laboratory animals as advocated by the American Association for Accreditation of Laboratory Animal Care (AAALAC), and following the policies and procedures detailed in the Guide for the Care and Use of Laboratory Animals as published by the U.S. Dept. of Health and Human Services and proclaimed in the Animals Welfare Act (PL89-544, PL91-979, and PL94-279) and fully conformed with the American Physiological Society's "Guiding Principles for Research Involving Animals and Human Beings."
RT-PCR
Total RNA was extracted from rat soleus and both left and right ventricles muscles with TriReagent (Molecular Research Center, Cincinnati, OH), which is based on the guanidine thiocyanate method. Frozen muscles were mechanically homogenized on ice in 1 ml of ice-cold TriReagent. Total RNA were solubilized in RNase-free H 2 O and quantified in duplicate by measuring the optical density (OD) at 260 nm. Purity of RNA was assured by obtaining an OD 260 /OD 280 ratio of ~2.0. Two micrograms of RNA were reverse transcribed with decamer primers and Superscript II reverse transcriptase (RT) in a total volume of 20 µl according to standard methods (Invitrogen Life Technologies, Bethesda, MD). Control RT reactions were done in which the RT enzyme was omitted. The control RT reactions were PCR amplified to ensure that DNA did not contaminate the RNA. One microliter of cDNA (cDNA) was then amplified by PCR using 100 ng of each primer, ribosomal 18S primer pairs (Ambion, TX), 250 µM deoxyribonucleotide triphosphates (dNTPs), 1× PCR buffer, and 2 units Taq DNA polymerase (Sigma, St. Louis, MO) in a final volume of 50 µl. PCR was performed using a programmed thermocycler (Biometra, Göttingen, Germany).
Primer pairs were designed against Bcl-2 (forward 5′CCGGGTGGCAGCTGACATGTTT3′; reverse 5′GCACAGGGCCTTGAGCACC AGTT3′, GeneBank accession no. U34964) and Bax (forward 5′CGGGCCCAC CAGCTCTGAACA3′; reverse 5′GGGCGGCTGCTCCAAGGTCA3′, GeneBank accession no. NM 017059). The primers for Bcl-2 and Bax were designed with an annealing temperature of 55°C. All PCR products were verified by restriction digestion and by sequencing. Preliminary experiments were conducted with each gene to ensure that the number of cycles (36 cycles) represented a linear portion for the PCR OD curve for the muscle samples. The cDNA from all muscle samples was amplified simultaneously using aliquots from the same PCR mixture. After the PCR amplification, 15 µl of each reaction was electrophoresed on 1.5% agarose gels, stained with ethidium bromide.
Images were captured, and the signals were quantified in arbitrary units as OD × band area using Kodak one-dimensional (1-D) image analysis system (Eastman Kodak, Rochester, NY). The size (number of base pairs) of each of the bands corresponded to the size of the processed mRNA. In the present study, ribosomal 18S primers were selected as internal controls because the level of 18S rRNA is not affected by endurance exercise training (46) . All RT-PCR signals were normalized to the 18S signal of the corresponding RT product. This eliminated the measurement error from uneven samples loading and provided a semiquantitative measure of the relative changes in gene expression.
Protein extraction and fractionation
Cytoplasmic and nuclear protein extracts were obtained from soleus and ventricle muscles using the method described by Rothermel et al. (47) . Fifty milligrams of soleus and ventricle muscles were homogenized on ice in 1 ml of ice-cold lysis buffer (10 mM NaCl, 1.5 mM MgCl 2 , 20 mM HEPES, 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol, pH 7.4). The homogenates were centrifuged at 1000 rpm for 1 min at 4°C. The supernatants contained the cytoplasmic protein fraction and were collected. The collected cytoplasmic extracts were further divided into two halves, and protease inhibitor cocktail (104 mM AEBSF, 0.08 mM aprotinin, 2 mM leupeptin, 4 mM bestatin, 1.5 mM pepstatin A, and 1.4 mM E-64) (P8340, Sigma-Aldrich, St Louis, MO) was added to one of them. The cytoplasmic protein fraction with protease inhibitors was used for Western blot analyses and cell death ELISA while the cytoplasmic fraction without protease inhibitors was used for caspase activity assay. The remaining nuclear pellet was resuspended in 360 µl of lysis buffer, and 39.8 µl of 5 M NaCl was added to lyse the nuclei. The mixture was then rotated for 1 h at 4°C and centrifuged at 14,000 rpm for 15 min at 4°C. The supernatants contained the nuclear protein fraction and were collected. Protease inhibitor cocktail (P8340, Sigma-Aldrich) was added to the collected nuclear protein fraction. The total protein contents of the cytoplasmic and nuclear extracts were quantified in duplicate by using bicinchoninic acid reagents (Pierce, Rockford, IL) and bovine serum albumin (BSA) standards.
Western immunoblots
Protein expressions of Bcl-2, Bax, apoptotic protease activating factor-1 (Apaf-1), apoptosisinducing factor (AIF), cleaved poly-ADP-ribose polymerase (PARP), cleaved caspase-3, cleaved/active caspase-9, HSP70, copper/zinc-superoxide dismutase (Cu/Zn-SOD), manganesesuperoxide dismutase (Mn-SOD), and actin were determined in the soleus and ventricle muscles of CON and TR rats. Bcl-2, Bax, Apaf-1, AIF, cleaved caspase-3, cleaved/active caspase-9, HSP70, Cu/Zn-SOD, Mn-SOD, and actin were determined in the cytoplasmic protein fraction, while cleaved PARP was determined in the nuclear protein fraction.
Forty micrograms of soluble protein was boiled for 5 min at 100°C in Laemmli buffer, loaded on each lane of a 12% polyacrylamide gel, and separated by routine SDS-PAGE for 1.5 h at 20°C (48) . The gels were blotted to nitrocellulose membranes (Bio-Rad, Hercules, CA) and stained with Ponceau S red (Sigma) to confirm equal loading and transfer of proteins to the membrane in each lane. Similar loading between the lanes was further verified by loading gels in duplicate with one gel stained with Coomassie blue. The membranes were blocked in 5% nonfat milk in Tris-buffered saline with 0.05% Tween 20 (TBS-T) at room temperature for 1 h and probed with anti-Bcl-2 mouse monoclonal antibody (1:200 dilution, sc-7382, Santa Cruz Biotechnology, Santa Cruz, CA), anti-Bax rabbit polyclonal antibody (1:100 dilution, sc-493, Santa Cruz Biotechnology), anti-Apaf-1 rabbit polyclonal antibody (1:500 dilution, AB16503, Chemicon International, Temecula, CA), anti-AIF rabbit polyclonal antibody (1:1000 dilution, AB16501, Chemicon International), anti-cleaved PARP rabbit polyclonal antibody (1:500 dilution, 9545, Cell Signaling Technology, Beverly, MA), anti-cleaved caspase-3 rabbit polyclonal antibody (1:500 dilution, 9661, Cell Signaling Technology), anti-cleaved caspase-9 rabbit polyclonal antibody (1:500 dilution, 9507, Cell Signaling Technology), anti-active caspase-9 rabbit polyclonal antibody (1:200 dilution, ab2325, Abcam, Cambridge, UK), anti-HSP70 mouse monoclonal antibody (1:1000 dilution, SPA810, StressGen, Victoria, BC, Canada), anti-SOD-1 rabbit polyclonal antibody (1:200 dilution, sc-11407, Santa Cruz Biotechnology), anti-Mn-SOD goat antibody (1:1000 dilution, A300449A, Bethyl Lab, Montgomery, TX), or anti-actin rabbit antibody (1:1000 dilution, A2066, Sigma) diluted in TBS-T with 2% BSA. All primary antibody incubations were at 4°C overnight. Membranes were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 h (1:1000 dilution, AP124P for anti-mouse IgG antibody, AP132P for anti-rabbit IgG antibody, AP106P for anti-goat IgG antibody, Chemicon International), and the signals were developed by chemiluminescence (34080, Pierce Biotechnology, Rockford, IL). The signals were visualized by exposing the membranes to X-ray films (BioMax MS-1, Eastman Kodak), and digital records of the films were captured with a Kodak 290 camera. The resulting bands were quantified as OD × band area by a one-dimensional (1-D) image analysis system (Eastman Kodak) and expressed in arbitrary units. The sizes of the immunodetected proteins were verified by using standard molecularweight markers (Bio-Rad).
Caspase-3 activity assay
Enzymatic activity of caspase-3 was analyzed by a commercial caspase assay kit (APO-54A-019-KI01, Apotech, Switzerland) according to the manufacturer's procedure. Briefly, 50 µl of the cytoplasmic protein fraction without protease inhibitor of soleus and ventricle muscles were incubated in 50 µM of the 7-amino-4-trifluoromethyl coumarin (AFC)-conjugated substrate at 37°C for 3 h. Caspase specific inhibitor, Z-VAD-FMK (219007, Calbiochem, La Jolla, CA) was used as a control to confirm the specificity of caspase in the assay. Caspase activity was monitored by fluorometric detection. The change in fluorescence was measured on a spectrofluorometer with an excitation wavelength of 390 nm and an emission wavelength of 530 nm (CytoFluor, Applied Biosystems, Foster City, CA) before and after the 3 h incubation. Caspase activity was estimated as the change in arbitrary fluorescence units normalized to milligram protein. Measurements were performed in duplicate while CON and TR samples were run on the same microplate in the same setting.
DNA gel electrophoresis
Nuclear DNA fragmentation was determined by DNA laddering. DNA was isolated from ventricle muscles using DNeasy tissue DNA purification kit (Qiagen, Valencia, CA). Briefly, ventricle tissues were lysed using proteinase K in the lysis buffer overnight at 55°C. The lysed samples were then treated with DNase-free RNase (100 µg·ml ) for 1 h at 50°C. DNA was then extracted and eluted using the silica-gel-membrane column provided with the kit. The concentration of isolated DNA was determined by measuring the absorbance at wavelength of 260 nm, and the purity of DNA was confirmed by A 260 /A 280 ratio of 1.8-2.0. Three micrograms of isolated DNA was electrophoresed on 1.5% agarose gel and visualized by staining with 1 µg/ml ethidium bromide in Tris/acetate/EDTA (TAE) buffer (pH 8.5, 2 mM EDTA, and 40 mM Tris-acetate). Ten micrograms of 100-bp DNA ladder was included as a molecular size marker (15628019, Invitrogen Life Technologies). Gels were photographed under ultraviolet transillumination. DNA laddering was not performed on soleus muscles because the amount of soleus tissue was insufficient for qualitative analysis by DNA gel electrophoresis.
Cell death ELISA
Cell death detection ELISA kit (1544675, Roche Molecular Biochemicals, Mannheim, Germany) was used to quantitatively detect the cytosolic histone-associated DNA fragmentation, according to manufacturer's instructions. Briefly, the extracted cytoplasmic fractions of soleus and ventricle muscles were used as an antigen source in a sandwich ELISA with a primary antihistone mouse monoclonal antibody coated to the microtiter plate and a second anti-DNA mouse monoclonal antibody coupled to peroxidase. The amount of peroxidase retained in the immunocomplex was determined photometrically by incubating with 2,2'-azino-di-[3-ethylbenzthiazoline sulfonate] (ABTS) as a substrate for 10 min at 20°C. The change in color was measured at a wavelength of 405 nm by using a Dynex MRX plate reader controlled through PC software (Revelation, Dynatech Laboratories, CA). All measurements were performed in duplicate, with CON and TR samples analyzed on the same microtiter plate in the same setting. The OD 405 reading was then normalized to the total amount of protein in the sample. The data were reported as an apoptotic index (OD 405· mg protein -1 ) to indicate the level of cytosolic monoand oligonucleosomes.
Statistics
Statistical analyses were performed using the SPSS 10.0 software package. Student's t test was used to examine differences between CON and TR groups. Relationships between given variables were examined by computing the Pearson product-moment correlation coefficient, r. Statistical significance was accepted at P < 0.05. All data are given as means ± SE.
RESULTS
DNA laddering and cell death ELISA
Representative ethidium bromide-stained DNA products after gel electrophoresis are shown in Figure 1A . We did not observe any apparent laddering pattern in the isolated DNA from the ventricles of our young adult rats. Nonetheless, there was no obvious qualitative difference between TR and CON groups. We further quantitatively estimated the DNA fragmentation by using a more sensitive technique of cell death ELISA in both ventricle and soleus muscles. The ELISA analyses indicated that the apoptotic index in ventricles of TR group was 15% lower than that in the ventricles of the CON group (P<0.05, Fig. 1B) . We found that the apoptotic index in soleus of TR animals decreased by 33% when compared with that in soleus of CON animals, but the difference did not reach statistical significance (P=0.06, Fig. 1B ).
Bcl-2 and Bax transcript and protein contents
Representative ethidium bromide-stained gels for the mRNA after RT-PCR are shown in Figure  2A and 2B. Bcl-2 mRNA increased in soleus samples of TR animals by 48% higher as compared with soleus samples in CON animals (P<0.01), whereas a 35% higher content of Bcl-2 transcript was observed in ventricle muscles of TR animals when compared with that of CON animals (P<0.01, Fig. 2A ). Although Bax protein contents in TR animals were similar to that in CON animals, transcript contents of Bax in soleus muscle of TR group decreased by 35% when compared with that of CON group (P<0.01, Fig. 2B ). Bax transcript contents in ventricle muscles of TR and CON animals were not different (P>0.05, Fig. 2B ).
In our Western blot analyses, we found an immunoreactive band of ~25 kDa corresponding to the predicted molecular mass of Bcl-2 protein and a ~21 kDa immunoreactive band corresponding to Bax protein. Representative immunoreactive blots are shown in Figure 2C and 2D. Bcl-2 protein contents in soleus and ventricle muscles of TR animals estimated by Western analysis were 64% and 68% higher than that of CON animals, respectively (P<0.05, Fig. 2C ). However, no difference was found in Bax protein contents in both soleus and ventricle muscles between CON and TR groups (P>0.05, Fig. 2D ). Moreover, protein content of actin is not different between CON and TR groups in both the soleus and ventricle muscles (P>0.05, data not shown).
Apaf-1, AIF, cleaved PARP, and cleaved caspase-3 and -9 protein contents
Although Apaf-1 has been reported to be absent in human skeletal muscle (22) , a detectable level of Apaf-1 was observed in Fischer 344 rat skeletal muscle by Western immunoblotting (21) . In the present study, we also detected a ~130 kDa immunoreactive band corresponding to Apaf-1 protein by Western blotting. In the soleus of TR animals, Apaf-1 protein content was 49% lower than that in the soleus of CON animals (P<0.05, Fig. 3A) . No difference was found in the Apaf-1 protein content in the ventricle muscles between TR and CON groups (P>0.05, Fig. 3A) . AIF has been suggested to be a major factor mediating caspase-independent apoptosis (19) . An immunoreactive band of ~67 kDa corresponding to the predicted molecular mass of AIF protein was detected in the cytoplasmic protein fraction of soleus and ventricle muscles. However, there was no difference in AIF protein contents in both soleus and ventricle muscles of TR animals when compared with that of CON animals (P>0.05, Fig. 3B ).
Caspase protease activity
Caspase-3 activity was measured biochemically in soleus and ventricle muscles of TR and CON animals using a fluorometric assay, which is a more sensitive technique to detect the activated caspase. However, caspase-3 activities in both the soleus and ventricle muscles were not different between TR and CON groups (P>0.05, Fig. 4) .
HSP70, Cu/Zn-SOD, and Mn-SOD protein levels
Western blot analyses demonstrated that the protein contents of HSP70 increased substantially in both soleus and ventricle muscles of TR animals when compared with that of CON animals. HSP70 protein content in the soleus of TR group increased by ~170% (P<0.01), whereas HSP70 protein content in the ventricle of TR group increased by ~2100% (P<0.01) when compared with that of CON groups (Fig. 5A) . The protein contents of Cu/Zn-SOD in both soleus and ventricle muscles of TR animals were similar to that of CON animals (P>0.05, Fig. 5B ). However, the protein contents of Mn-SOD increased in both soleus and ventricle muscles of TR animals when compared with that of CON animals. Mn-SOD protein contents increased by 64% and 39% in soleus and ventricle muscles of the TR group as compared with the CON group, respectively (P<0.05, Fig. 5C ).
Relationships of HSP70 and apoptotic factors
The relationships between HSP70 and Bcl-2 protein and transcript as well as Bax transcript were analyzed by examining the corresponding Pearson's correlation coefficient (r). When the soleus and ventricle muscles of both groups were collapsed and treated as a single group, HSP70 protein content was positively correlated with the Bcl-2 protein content (r=0.483, P=0.005, n=32, Fig. 6A ). We found that the HSP70 protein content was correlated with the Bcl-2 protein content in the ventricle muscles when the CON and TR animals were pooled as a group (r=0.589, P=0.016, n=16, data not shown). A positive relationship was also found between the HSP70 protein content and the Bcl-2 protein content when the soleus and ventricle muscles of CON animals were pooled together (r=0.621, P=0.010, n=16, data not shown). In addition, we found that the HSP70 protein content was correlated with the Bcl-2 protein content in the ventricle muscles of CON animals (r=0.742, P=0.035, n=8, data not shown).
Furthermore, HSP70 protein content was positively correlated with the Bcl-2 transcript content in the soleus muscles of CON animals (r=0.739, P=0.036, n=8, Fig. 6B ). When the CON and TR animals were pooled as a group, HSP70 protein content was negatively correlated with the Bax transcript content in the soleus muscles (r=-0.525, P=0.037, n=16, Fig. 6C ).
Relationships of Mn-SOD and apoptotic factors
Mn-SOD protein content was negatively correlated with the apoptotic index in the ventricle muscles of the CON animals (r=-0.961, P=0.0001, n=8, Fig. 7A ). When the ventricle muscles of the CON and the TR groups were collapsed and treated as a single group, Mn-SOD protein content was negatively correlated with the apoptotic index (r=-0.539, P=0.031, n=16, data not shown). A negative relationship was also found between the Mn-SOD protein content and the caspase-3 activity when the soleus and ventricle muscles of CON animals were pooled together (r=-0.535, P=0.033, n=16, Fig. 7B ). Furthermore, Mn-SOD protein content was positively correlated with Bcl-2 transcript content when the soleus and ventricle muscles of the CON and TR animals were pooled (r=0.381, P=0.032, n=32, Fig. 7C ). When the soleus muscles of the CON and TR animals were pooled as a group, Mn-SOD protein content was positively correlated with HSP70 protein content (r=0.729, P=0.001, n=16, Fig. 7D ).
DISCUSSION
The present study provides evidence that exercise training is capable of influencing apoptosis in skeletal and cardiac muscles in young adult rats. We showed that exercise training attenuates the extent of apoptosis in cardiac and skeletal muscles when measurements are taken at 48 h after the last exercise bout. We demonstrated that positive relationships exist between the protein level of HSP70 and both Bcl-2 protein and mRNA levels, whereas an inverse relationship exists between the protein level of HSP70 and Bax mRNA level. We also found that Mn-SOD protein content is positively correlated to Bcl-2 transcript content and HSP70 protein content, whereas negative correlational relationships exist between Mn-SOD protein content and apoptotic index and caspase-3 activity. Our data are consistent with the hypothesis that HSP70 and Mn-SOD may play an anti-apoptotic role in modulating the homeostasis of apoptotic factors in skeletal and cardiac muscles after exercise.
Apoptosis and exercise
The influence of exercise training on apoptosis has not been fully defined, and only a few studies have attempted to study the relationship of acute strenuous exercise with apoptosis in skeletal muscle (24, (49) (50) (51) . Sandri and colleagues investigated the influence of acute intense exercise on apoptosis in skeletal muscles of both young normal and dystrophin-deficient (mdx) mice (24) . They found that the DNA double strand breaks (as an indicator of DNA fragmentation) measured by in situ terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) increased by ~20%, 48 h after a night of spontaneous wheel running in both normal and mdx mice skeletal muscles. Using DNA gel electrophoresis, they reported that the amount of fragmented chromosomal DNA was greater in the skeletal muscles from mdx mice after the 16 h spontaneous wheel running when compared with their nonexercise partners. The same investigators reported that TUNEL-positive myonuclei existed after 16 h of spontaneous running in skeletal muscles of both C57B and mdx mice (51) . Furthermore, they found that Bcl-2 protein levels decreased after spontaneous exercise in muscle of mdx mice. Similar results of increased apoptotic nuclei and a decreased ratio of Bcl-2/Bax have also been documented in skeletal muscles after a 16 h spontaneous wheel running in normal healthy animals (49, 50) . Activation of apoptosis in muscle tissue following acute bouts of exercise is not fully understood; however, these studies these studies suggest that strenuous exercise may induce apoptosis in skeletal locomotion muscles. Nevertheless, it is unclear whether the proposed increase in muscle apoptosis after intense exercise plays a protective role in improving the muscle's recovery process or accelerates muscle deterioration. Nonetheless, increased production of ROS and glucocorticoids during intense exercise has been suggested to be the possible reason for increased apoptosis after acute intense exercise (52) . In contrast to acute strenuous exercise, the effect of exercise training on apoptosis is unknown. Furthermore, although increased apoptosis after ischemia-reperfusion in cardiac myocytes has been generally documented (29) , few data exist to describe the influence of exercise training in cardiac tissue.
In the present study, we have demonstrated that exercise training reduced DNA fragmentation, increased Bcl-2 protein and transcript levels, decreased Bax transcript levels, and decreased Apaf-1 protein levels in rat soleus and cardiac muscles when compared with sedentary control animals. This is the first study to show a relationship between regular moderate-intensity exercise and reduced levels of pro-apoptotic genes in postmitotic tissues (skeletal and cardiac muscles).
In the present study, we observed that apoptotic measurements differed in soleus and ventricle muscles after training. For example, we found that the apoptotic index in the ventricle was lower in the TR compared with the CON group. On the other hand, there was a trend but no significant differences in the apoptotic index in soleus muscle samples of TR and CON animals. Nevertheless, transcript levels of Bax and protein levels of Apaf-1 decreased in soleus muscle of TR animals, but these did not change in the ventricle muscles of TR animals as compared with their respective muscles in CON animals. The differences in the apoptotic markers between soleus and cardiac muscles may be explained by the differences in the total numbers of nuclei in skeletal and cardiac muscles. Structurally, skeletal muscle cells are multinucleated, whereas cardiomyocytes compose fewer nuclei per myocyte (typically ~1-2 nuclei in each cardiomyocyte), so that skeletal myofibers have a higher nuclei-to-cytoplasmic ratio than do cardiomyocytes (53) (54) (55) . Furthermore, myocardial nuclei readily enlarge or decrease their DNA size depending on the loading conditions placed on the heart (56), and loading would be expected to increase with aerobic exercise. In contrast, endurance exercise would not be expected to result in increase DNA synthesis in skeletal muscles.
Because it has been proposed that apoptosis may be activated in particular "segmental" domains of a skeletal myofiber and cause elimination of individual myonuclei during skeletal muscle remodeling (e.g., muscle atrophy) (28, 57) , it is reasonable to expect that some nuclei in the same myofiber may undergo apoptosis, whereas others do not. This would tend to "dilute" the overall apoptotic index, relative to the total skeletal muscle and nuclear samples. Nevertheless, the signals regulating apoptosis (e.g., Bax, Bcl2) may need to be expressed at higher levels to induce apoptotic control in skeletal muscles, simply because there is a greater number of nuclei per cytoplasm in myofibers vs. cardiomyocytes (53) (54) (55) . Thus, it is possible that that Bax and Bcl2 proteins required greater relative changes in skeletal muscle to affect changes in the apoptotic environment as compared with cardiac muscle. Furthermore, according to our results, it appears that the regulators of the mitochondrial-mediated caspase-dependent apoptotic pathway (e.g., Bcl-2, Bax, and Apaf-1) are more responsive to moderate exercise training when compared with the components of caspase-independent apoptotic pathways (e.g., AIF). Additional studies will require additional non-caspase-dependent markers to determine whether this pathway is also sensitive to aerobic training.
A variety of proteins, including Bcl-2, Bax, cytochrome c, Apaf-1, caspase-9, and caspase-3, are critically involved in regulating mitochondrial-mediated apoptosis. Although we have demonstrated increases in Bcl-2 as well as decreases in Bax and Apaf-1 in our TR animals, we did not find differences in caspase-3 protease activity between TR and CON groups. The failure to obtain decreased caspase-3 protease activity in the TR animals may be due to the timing of tissue collection. Because our measurements were performed on the tissues that were collected 48 h after the last training session, it is possible that we missed changes in caspase-3 activity that may have occurred in the TR animals at other time points that were not examined in this study.
We were unable to detect immunoactive bands corresponding to the predicted molecular mass of cleaved PARP, cleaved caspase-3, and cleaved caspase-9 in our Western immunoblots. Although previous studies have shown immunopositive bands for these proteins in muscle tissues (22, 58) , our data did not allow us to determine whether the failure to detect cleaved PARP, cleaved caspase-3, and cleaved caspase-9 in our immunoblots was the result of having levels of these proteins that were below the detectable limits of our assays or the result of low antibody sensitivity.
ROS has been widely believed to be one of the potent stimuli activating apoptosis in a variety of in vitro and in vivo experimental models of different cell types (15, 34) . It has also been suggested that ROS influences apoptosis mainly through the modulation of the mitochondrialmediated pathway (59) . It has been hypothesized that a high oxidative stress level destabilizes the mitochondrial membrane homeostasis and therefore induces the formation of mitochondrial membrane permeability pores and release of pro-apoptotic factors (e.g., cytochrome c) (59) . It has also been shown that high levels of oxidative stress induced by dietary selenium and vitamin E deficiencies increase caspase-like activity and DNA fragmentation (as measured by DNA gel electrophoresis) in chick skeletal myocytes (60) . Bcl-2 family proteins are known to be responsible for the modulation of mitochondrial membrane pore formation and therefore regulating mitochondrial-mediated apoptosis.
We have shown that Bcl-2, an anti-apoptotic gene product, was up-regulated and that Bax, a proapoptotic gene product, was down-regulated in muscle samples taken 48 h after the last bout of an 8-wk exercise training program in rats. Exercise training of ~10 wk has been demonstrated to improve the antioxidant capacity in skeletal and cardiac muscles (41, 43) . Several antioxidant enzymes, including Cu/Zn-SOD, catalase, glutathione peroxidase, glutathione reductase, and mitochondrial Mn-SOD have been implicated as crucial endogenous antioxidant enzymes in biological systems. In the present study, we have demonstrated that the protein content of Mn-SOD increases (by 64% in soleus and 39% in ventricle muscle) in the TR animals relative to the CON animals after 8 wk of endurance training. These observations suggest that exercise training may attenuate muscle apoptosis. Our data are consistent with the idea that an increased antioxidant capacity and modulated oxidative stress from exercise training may be involved in reducing pro-apoptotic genes.
Apoptosis and HSP70
HSPs are a group of highly conserved proteins induced by a variety of stresses, including hyperthermia, pH disturbance, and oxidative stress. There is ample evidence showing that HSPs play an important role in maintaining the housekeeping cellular function and therefore cell survival. HSPs function by controlling the protein folding in cytosol, endoplasmic reticulum, and mitochondria; preventing protein denaturing and aggregation during stress; accelerating the breakdown of damaged and unwanted proteins; refolding the misfolded proteins; and performing as molecular chaperones (40, 42) . Among the different classes of HSP, the HSP70 family constitutes the most conserved and extensively studied class of HSPs. It has been recently suggested that HSP70 is a potent anti-apoptotic protein (61) . There is evidence supporting the hypothesis that HSP70 inhibits apoptosis by modulating the mitochondrial-mediated pathway (33, 62, 63) . Li and colleagues (62) reported that HSP70 inhibits apoptosis by suppressing the formation of apoptosomes due to the effect on downstream of cytochrome c release and upstream of caspase-3 activation. Beere and colleagues have shown that HSP70 inhibits apoptosis by binding directly to Apaf-1, an adaptor protein involved in apoptosome formation, and thereby preventing the recruitment of procaspase-9 to the apoptosome (33) . The suppressive effect of HSP70 on the formation of apoptosome leads to the reduced caspase-9 activation as well as caspase-3 cleavage and therefore decreases nuclear fragmentation and apoptosis. AIF, a mitochondrial-released protein with endonuclease activity, has also been suggested to be one of the molecular targets for the apoptosis-inhibiting effect of HSP70 (64, 65) . The anti-apoptotic effect of HSP70 on AIF suggests that HSP70 inhibits apoptosis by suppressing both the caspasedependent (apoptosome in mitochondrial-mediated apoptosis) and caspase-independent pathways (e.g., AIF). Although we have demonstrated significant negative relationships between HSP70 and apoptotic markers following exercise training, these findings do not indicate a causative function of HSP70 in regulating apoptosis. The underlying cellular and molecular mechanisms involved in training-induced adaptations in apoptosis and HSP70 are unknown and require further investigation.
In conclusion, these data support the hypothesis that exercise training is able to attenuate the extent of apoptosis in ventricle and skeletal muscles of young adult animals. We have demonstrated that significant correlational relationships exist between HSP70 and Bcl-2 protein and transcript levels as well as Bax transcript levels in skeletal and cardiac muscles. We have also shown significant negative correlations between Mn-SOD and apoptotic index and caspase-3 activity as well as significant positive correlations of Mn-SOD, Bcl-2 transcript levels, and HSP70. Although the molecular mechanism for the training-induced attenuation in apoptosis is still not completely understood, our findings are in agreement with the hypothesis that HSP70 and Mn-SOD play an anti-apoptotic role in training-induced decreases in apoptosis in postmitotic tissues, including skeletal and cardiac myocytes. Our data show that caspase-sensitive markers of apoptosis decrease with endurance training; however, additional research is required to determine whether caspase-independent pathways are also sensitive to exercise training in skeletal and cardiac muscles. Although there is evidence to suggest that apoptosis occurs in muscles with aging or disuse (21, 23, 28, (66) (67) (68) , it is unclear to what extent apoptosis occurs in otherwise healthy postmitotic tissues of young individuals. Nevertheless, the findings of this study suggest that adopting exercise training as part of a lifelong regimen may provide a more favorable environment to reduce or delay apoptosis in skeletal and cardiac muscles when they are exposed to some apoptotic stimulus such as aging (sarcopenia) or disuse-induced atrophy. 1 . A) Qualitative analysis of DNA fragmentation by DNA gel electrophoresis in ventricle muscles of TR and CON animals. DNA was extracted from ventricle muscles, and 3 µg of DNA was loaded on 1.5% agarose gel. A 100-bp DNA ladder was used as a molecular size marker. DNA was visualized with ethidium bromide staining. CON, control; TR, trained. B) Apoptotic index defined by the quantification of mono-and oligonucleosomes in soleus and ventricle muscles of CON and TR animals. The OD 405 is normalized to the total milligrams protein content of the sample used in the assay. The normalized data are presented as means ± SE. *P < 0.05; data are significantly different from CON animals. CON, control; TR, trained. and ventricle muscles isolated from CON and TR animals. PCR products were visualized with ethidium bromide staining. Quantification of PCR signals was obtained by densitometric analysis of the signal product optical density (OD) × resulting band area. Gene expression is normalized to the ribosomal 18S signal from the same RT product. The normalized data are presented as means ± SE. Data were run in duplicate on different gels for each gene. *P < 0.01; data are significantly different from CON animals. CON, control; TR, trained rats. B) Bax mRNA content was estimated by RT-PCR. The inset shows representative PCR results from soleus and ventricle muscles isolated from CON and TR animals. PCR products were visualized with ethidium bromide staining. Quantification of PCR signals was by densitometric analysis of the signal product optical density (OD) × resulting band area. Gene expression is normalized to the ribosomal 18S signal from the same RT product. The normalized data are presented as means ± SE. Data were run in duplicate on different gels. *P < 0.01; data are significantly different from CON animals. CON, control; TR, trained rats. C) Bcl-2 protein content was determined by Western blot analysis. The data are expressed as optical density (OD) × resulting band area and expressed in arbitrary units × 10 7 . The inset shows a representative blot for Bcl-2 in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. *P < 0.05; data are significantly different from CON animals. CON, control; TR, trained rats. D) Bax protein content was determined by Western blot analysis. The data are expressed as optical density (OD) × resulting band area, and expressed in arbitrary units × 10 8 . The inset shows a representative blot for Bax in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. CON, control; TR, trained, rats. The inset shows a representative blot for Apaf-1 in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. *P < 0.05; data are significantly different from CON animals. CON, control; TR, trained. B) AIF protein content was determined by Western blot analysis. The data are expressed as optical density (OD) × resulting band area and expressed in arbitrary units × 10 7 . The inset shows a representative blot for AIF in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. CON, control; TR, trained rats. 7 . The inset shows a representative blot for HSP70 in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. **P < 0.01, data are significantly different from CON animals. CON, control; TR, trained rats. B) Cu/Zn-SOD protein content was examined by Western blot analysis. The data are expressed as optical density (OD) × resulting band area and expressed in arbitrary units × 10 7 . The inset shows a representative blot for Cu/Zn-SOD in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. CON, control; TR, trained rats. C) Mn-SOD protein content was examined by Western blot analysis. The data are expressed as optical density (OD) × resulting band area and expressed in arbitrary units × 10 7 . The inset shows a representative blot for Mn-SOD in soleus and ventricle muscles isolated from CON and TR animals. The data are presented as means ± SE. *P < 0.05, data are significantly different from CON animals. CON, control; TR, trained rats. CON, control rats. B) The relationship between the protein content of Mn-SOD and the caspase-3 activity in muscle samples. The soleus and ventricle muscles of CON animals were collapsed and treated as a single pooled group. A negative correlation coefficient (r) is established between the protein content of Mn-SOD and caspase-3 activity (n=16). CON, control rats. C) The relationship between the protein content of Mn-SOD and the transcript content of Bcl-2. The soleus and ventricles of CON and TR animals were collapsed and treated as a single pooled group. A positive correlation coefficient (r) was established between the protein contents of Mn-SOD and the transcript content of Bcl-2 (n=32). CON, control; TR, trained rats. D) The relationship between the protein content of Mn-SOD and HSP70. The soleus of CON and TR animals were collapsed and treated as a single pooled group. A positive correlation coefficient (r) was established between the protein contents of Mn-SOD and HSP70 (n=16). CON, control; TR, trained rats.
